The root of Lindera chunii MERR. is used as a Chinese folk medicine, is of the Lindera genus (Lauraceae) and is distributed in the provinces of Guangtong and Guangxi of China. The root of L. chunii is frequently used as a substitute for L. aggregata (SIMS) KOSTERM, which is said to have the power to improve the wind-cold-dampness arthralgia syndrome in traditional Chinese medicine. 1) Isoquinoline alkaloids, especially aporphine alkaloids, were reported as the characteristic constituents of the genus Lindera. 2) In a previous paper, we reported the isolation of constituents, including new sesquiterpenoids and aporphine alkaloids, from the root of L. aggregata and the pharmacological activities of these compounds. 3, 4) Phytochemical studies on L. chunii have not yet been conducted, however, which encouraged us to investigate the chemical constituents of this root and their biological activity.
In this paper, we report the isolation and structural elucidation of compounds from the root of L. chunii and their inhibitory effects on human immunodeficiency virus type 1 integrase (HIV-1 IN), as well as the quantitative analysis of inhibitory substances present in an alkaloid fraction of this plant extract.
Results and Discussion
From the root of L. chunii we isolated 20 compounds, including three new compounds called lindenanolides E (1), F (2) and G (3), new naturally occurring lindenanolide H (4), 5) two new aporphine alkaloids called lindechunines A (18) and B (20) , six known sesquiterpenes: pseudoneolinderane (5), 6) lindeneol (6), 7) lindeneyl acetate (7), 7) lindera lactone (8), 7) strychinstenolide 6-O-acetates A (9) and B (10), 8) and eight known aporphine alkaloids: hernandine (11), 9) hernangerine (12), 9) ocokryptine (N-methylhernandine) (13), 10) hernandonine (14) , 11) N-methylhernangerine (15) , 12) laurolistine (norboldine) (16) , 13) 7-oxohernangerine (17) 14) and 7-oxohernagine (19) 14) (Chart 1). The structures of known compounds were determined by comparing their spectral data with those of authentic samples or previously reported data. Of these, compounds 1-4, 17, 18 and 20 were isolated for the first time from this plant family. Structures of the new compounds were determined as follows:
Lindenanolide E (1) was obtained as colorless needles, mp 151-153°C. The molecular formula was assigned to be C 15 H 16 O 4 on the basis of the molecular ion peak at m/z 260 [M] ϩ in the electron impact mass (EI-MS) spectrum and elemental analysis. The 1 H-1 H correlation spectroscopy (COSY) experiment showed the presence of a cyclopropane ring (H-1, H 2 -2, H-3). The presence of three carbonyl carbons, including an aldehyde group, was suggested on the basis of the 13 C-NMR signals at d 164.5, 167.9 and 186.0, and the IR absorption bands at n max 1768 and 1653 cm
Ϫ1
. Extensive analysis of the 1 H-detected multiple quantum coherence (HMQC) and heteronuclear multiple-bond correlation (HMBC) spectra of 1 established the structure (Fig. 1A) , i.e., correlations of methylene proton signals (H 2 -9) at d 2.70 (1H, d, Jϭ13.2 Hz) and 2.97 (1H, d, Jϭ13.2 Hz) with three carbon signals at d 49.1 (C-10), 140.1 (C-8) and 164.5 (C-7) indicated that the carbon at d 140.1 (C-8) and the carbon at d 32.9 (C-9) were linked together. Furthermore, long-range correlations were also observed among a methyl proton signal at d 1.42 (H 3 -14) and two quarternary carbon signals at d 49.1 (C-10) and 134.1 (C-5); between a proton signal at d 9.81 (H-6) and a quarternary carbon signal at d 134.1 (C-5); among a methyl proton signal at d 2.21 (H 3 -15) and two carbon signals at d 167.9 (C-4) and 134.5 (C-5), suggesting that an aldehyde group is connected at C-5. In the nuclear Overhauser enhancement and exchange spectroscopy (NOESY) experiment, NOE correlations were observed among the following proton signals (Fig. 1B ): H-2a to H-1/H-3; H-2b to H 3 -14; H-1 to H-3/H-9a; H 3 -14 to H-9b, which confirmed the stereostructure, as shown in Fig. 1 . This is the first example of a seco-eudesmanolide.
Lindenanolide F (2) was assigned the molecular formula C 30 H 34 O 6 on the basis of the quasi-molecular ion peak at m/z 513.2233 [MϩNa] ϩ and 473.2314 [MϩHϪH 2 O] ϩ in the positive high resolution (HR)-FAB-MS spectrum. The 13 C-NMR and distortionless enhancement by polarization transfer (DEPT) spectra showed 15 signals of two methyl, three methylene, four methine, six quarternary carbons, corresponding to a half in number of the total carbon atoms which are estimated from the molecular formula, suggesting that compound 2 may consist of two identical units. The structure of this unit was elucidated by various spectral data as below: in the IR spectrum, compound 2 showed an absorption at 1745 cm Ϫ1 assignable to the a,b-unsaturated five-membered lactone, which was supported by the presence of a carbon signal at d 172.7 in the 13 C-NMR spectrum. The 1 H-NMR spectrum showed signals of one exo-olefine at d 5.06 and 5.03. The 13 C-NMR spectrum also indicated carbon signals of a terminal double bond at d 106.9 and 149.6 and a tetrasubstituted double bond at d 158.0 and 133.6. The degree of unsaturation in the molecule was 14, giving seven per unit. Two of these were assigned to two double bonds, one to an ester carbonyl group, and four to a tetracyclic structure. The 1 H-1 H COSY spectral data confirmed the presence of a cyclopropane ring (H-1, H 2 -2, H-3). The HMBC spectral data assembled the carbon skeleton. In particular, the multiple correlations to the signal at d 38.8 and to the signal at d 64.4 can be used for the elucidation of the ring system. Correlations of a proton signal at d 1.87 (H 3 -13) with carbon signals at d 158.0 (C-7) and 172.7 (C-12), and proton signals at d 2.30 and 2.65 (H 2 -9) with a carbon signal at d 92.3 (C-8) indicated that an a,b-unsaturated lactone was located at C-7 and C-8, and a methyl group was attached at C-11. A correlation of a signal at d 0.42 (H 3 -14) and a signal at d 38.8 (C-10) suggested that a methyl group (H 3 -14) was located at C-10. The structure of 2 was unambiguously assigned by detailed analysis of the two-dimensional (2D)-NMR [ 1 H-1 H COSY, HMQC and HMBC (see Fig. 2 )] spectra and by comparison of the 13 C-NMR spectral data with those of strychnistenolides A (9) and B (10), 8) as well as lindenanolide H (4) ( Table 1) . Compound 2 was consequently deduced to be a bis-sesquiterpene linked together at C-8.
The configurations of H-5 and H 3 -14 were assigned by the NOESY spectrum; appreciable correlations were observed between signals at d 0.42 (H 3 -14) and at 2.65 (H-9b)/4.38 (H-6), but not with a signal at d 3.48 (H-5). The coupling constant of signals at d 3.48 (H-5) and 4.38 (H-6) was 10.5 Hz, showing a trans diaxial relationship of these protons. Furthermore, NOE correlations were observed among H-9a/H-1, H-9b/H 3 -14 and H-2b/H 3 -14 ( Fig. 2 ), suggesting that a cyclopropane ring is oriented to be close with a 14-methyl group.
Recently, a bissesquiterpene having the above type of the structure was isolated from L. aggregata, 15) which is a derivative of 2 and has two double bonds at C-1 and C-2, as well as at C-1Ј and C-2Ј. However, the stereochemistry at C-8 in 2 seemed to be different from this compound, because a signal of H-9a in 2 appeared exclusively in the low field of d Such an arrangement may be possible when the counterpart is oriented in the a-configuration at C-8. An appreciable NOE correlation was observed between H-6 and H 3 -13 in the NOESY spectrum of 2 ( Fig. 3) , which can be seen in the spectrum of strychnistenolide A, but not in that of strychnistenolide B. Therefore, compound 2 was assigned as a bissesquiterpene, in which the identical sesquiterpene units are linked together at C-8 or C-8Ј, as shown in Fig. 3 .
Lindenanolide G (3) showed a quasi-molecular ion peak at m/z 311 [MϩH] ϩ in the positive ion FAB-MS spectrum and the 13 C-NMR spectrum showed 16 signals assignable to four methyl, two methylene, four methine and six quarternary carbons. These data, together with a positive HR-FAB-MS spectral datum m/z 311.1509 (Calcd for C 16 Fig. 4 )] spectra of 3 established the structure. On the basis of the NOE correlations in the NOESY spectrum, the relative stereostructure of 3 is shown in Fig. 5 , which represented the second example of a secoeudesmanolide, in which a C-8, C-9 bond of the eudesmanolide may be subjected to cleavage to form a C-8, C-4 d-lactone. ϩ , Calcd 351.0765). The 7-oxoaporphine skeleton was deduced by its UV spectrum (absorption maxima at l 220, 250, 285, 365, 425 nm), which was similar to that of oxoduocine. 10, 19) A bathochromic shift (Fig. 6 ) experiment, significant correlations were observed among H-3/H 2 -4/H 2 -5 and H-6a/H-7/H-8. Thus, the structure of 20 was determined to be 11-hydroxy-1,2:9,10-bis(methylenedioxy)noraporphine.
The isolated compounds were tested for their inhibitory activities on HIV-1 IN (Table 2) . Hernandonine (14) , laurolistine (16), 7-oxohernangerine (17) and lindechunine A (18) exhibited appreciable inhibitory activities against HIV-1 IN with IC 50 values of 16.3, 7.7, 18.2, and 21.1 mM, respectively, while the others showed no significant activities at 100 mM. Of the isolated 7H-dibenzo[de,g]quinolin-7-ones, compounds 14, 17 and 18, bearing a methylenedioxy group linked at C-1 and C-2), showed appreciable inhibitory activity, while compound 19, having no methylenedioxy group, was inactive at 100 mM. This suggests that the 1,2-methylenedioxy group in the 7-oxoaporphine alkaloids may play an important role in the inhibition against HIV-1 IN. Of the all alkaloids isolated, compound 16 (a noraporphine alkaloid) exhibited the most potent inhibitory activity against HIV-1 IN. This compound has an additional hydroxyl group compared to the other alkaloids.
Burke et al. reported that phenolic moieties in compounds, such as flavones, caffeic acid phenyl esters and curcumins, were required for HIV-1 IN inhibitory activity. 17) A few kinds of alkaloids have been reported as HIV-1 IN inhibitors: ascidian alkaloids from marine natural products were selective inhibitors on HIV-1 IN, 18) and styrylquinoline alkaloids showed potent HIV-1 IN inhibitory effects, followed by blocking of the replication of HIV-1 in cell culture. 19) Pommier et al. found that three classes of compounds, DNAbinding molecules, polyhydroxylated aromatic compounds and various nucleotides, effectively inhibited HIV-1 IN activity. 20) Since the main constituents of the root of L. chunii were alkaloids and some isolated alkaloids exhibited HIV-1 IN inhibitory activity, an HPLC method was developed to determine the contents of each alkaloids. The method utilized a C 18 reversed phase analytical column with MeOH and CH 3 COONH 4 buffer as a mobile phase (see Experimental), monitoring the elution profile at 275 nm (Fig. 7) . Using the standard curves prepared with authentic sample, the contents (meanϮS.D.) of the respective compounds in the crude alkaloid fraction were determined as follows: hernandine (11) 17.1Ϯ2.4% (w/w), hernangerine (12) 21) it is worth investigating other biological activities of these aporphine alkaloids, such as antirheumatic and hemostatic activities, in the light of the traditional usage of the root of L. chunii.
Experimental
General Melting points were measured on a Yanagimoto micro hotstage melting point apparatus. Optical rotations were measured with a DIP-360 automatic polarimeter (Jasco Co., Tokyo), UV spectra with a SHI-MADZU UV-2200 recording spectrophotometer (Shimadzu Co., Kyoto), and IR spectra with a FT/IR-230 infrared spectrometer (Jasco Co.). 1 H-and 13 C-NMR spectra were measured with a JNMLA 400WB Lambda NMR ( 1 H, 400 MHz; 13 C, 100 MHz) spectrometer (JEOL Co., Tokyo), the chemical shifts being represented as d (ppm) with tetramethylsilane (TMS) as an internal standard. EI-MS were measured with a JMS-GC mate mass spectrometer at an ionization voltage of 70 eV (JEOL Co.). FAB-MS spectra were obtained with a JEOL JMS-DX 300L spectrometer using glycerol as a matrix. HR-FAB-MS was measured with a JMS 700T mass spectrometer (JEOL, Co.) with a resolution of 5000 in the presence of glycerol containing a faint amount of NaCl. Column chromatography was carried out on silica gel BW-820MH, ODS (Fuji Silysia Co., Nagoya) and Sephadex LH-20 (Pharmacia Co., Tokyo). Medium pressure liquid chromatography (MPLC) was carried out on LiChroprep Si 60 and LiChroprep RP-18 (Merck Co., Darmstadt, Germany). Preparative HPLC was carried out on a Gilson instrument with a 231XL injector, a 119 UV/VIS detector at 275 nm and a TSKgel ODS-80T M column (21.5ϫ300 mm, Tosoh Co., Tokyo). Analytical HPLC was carried out on a Tosoh CCPM system equipped with a Tosoh UV-8020 spectrometer and a TSK-gel ODS-80Ts column 
Chemicals and Enzyme
The isolated compounds were dissolved in 50% DMSO before investigation of HIV-1 IN inhibitory activity. HIV-1 IN protein was expressed in Escherichia coli and the purified enzyme was stored at Ϫ80°C. Substrate DNA and oligo-nucleotides of long terminal repeat (LTR) donor DNA were purchased from Japan Bioservice Co. (Asaka City, Japan) and stored at Ϫ25°C. The sequences of biotinylated LTR donor DNA and its unlabelled complement were 5Ј-biotin-ACCCTTTTAGTCAG-TGTGGAAAATCTCAGCAGT-3Ј and 3Ј-GAAAATCAGTCACACCTTT-TAGAGATCGTCA-5Ј, respectively. Digoxigenin labelled target DNA consisted of 5Ј-TGACCAAGGGCTAATTCACT-digoxigenin and 3Ј-digoxigenin-ACTGGTTCCCGATTAAGTGA-5Ј.
Multiplate Integration Assay (MIA) Procedure [22] [23] [24] 
